31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 Potential for top-down control on tunas Potential for top-down control on tunas 2002). Highly-valued skipjack tuna (Katsuwonus pelamis) and yellowfin tuna (Thunnus albacares) populations are the primary targets of purse seine and longline (yellowfin tuna only) fisheries. These populations are currently considered to be healthy and productive, and are above (skipjack tuna; Maunder and Harley 2005) or near (yellowfin tuna;
The ecological consequences of widespread fisheries-induced reductions of large pelagic predators are not fully understood. Tropical tunas are considered a main component of apex predator guilds that include sharks and billfishes, and thus may seem unsusceptible to secondary effects of fishing top predators. However, intra-guild predation can occur because of size-structured interactions. We compiled existing data of apex predator diets to evaluate whether skipjack (Katsuwonus pelamis) and yellowfin (Thunnus albacares) tunas might be vulnerable to top-down control by large pelagic predators in the eastern tropical Pacific Ocean. We identified potentially important predators on tunas by the frequency, quantity, and size/age of tunas in their diets and considered the degree that predated tunas could have potentially contributed to the reproductive output of the population. Our results indicate that the proportion of predator diets consisting of skipjack and yellowfin tuna was high for sharks and billfishes. These predators also consumed a wide size range of tunas, including sub-adults are capable of making a notable contribution to the reproductive output of tuna populations. Our study suggests that, in the eastern tropical Pacific Ocean, tropical tunas act as mesopredators more so than apex predators. Sharks and billfishes have the potential to play an important role in regulating these tuna populations. This study sets the stage for future efforts to ascertain whether diminished levels of large predators have enhanced the production of tuna stocks, and if the trophic interactions of skipjack and yellowfin tunas should be explicitly accounted for when assessing their population dynamics.
There is growing evidence in a diversity of marine ecosystems that apex predators can regulate the productivity and abundances of their prey populations (see Baum & Worm 2009 , Ritchie & Johnson 2009 ). There is also widespread recognition that fishing has altered the structure of marine food webs through the selective removal of largebodied predators (Estes et al. 1998 , Jackson et al. 2001 , Worm & Myers 2003 , Daan et al. 2005 , Frank et al. 2005 , Ward & Myers 2005 , Daskalov et al. 2007 . Fishing can therefore be viewed as an important structuring agent in marine food webs, promoting productivity of mesopredators (i.e. species that occupy a trophic positions immediately below apex predators) that thrive following the depletion of their larger-bodied predators (e.g. Worm & Myers 2003 , Frank et al. 2005 , Polovina et al. 2009 ). A better understanding of the effects of predator removals on species dynamics is key to implementing ecosystem-based fisheries management. Identifying the magnitude and extent of these effects in many marine ecosystems remains a challenge owing to a paucity of historical data and monitoring surveys, and the confounding effects of dynamic ocean conditions (Essington 2010).
Top predators in high seas pelagic food webs have been subjected to large-scale fisheries for the past half-century. In the tropical Pacific Ocean, the apex predator guild (i.e. predators that occupy the top trophic positions and consume similar prey resources)
is composed of large tunas, sharks, and billfishes (Seki & Polovina 2001, Kitchell et al. potentially important consideration for high-seas fisheries management. Strategies to restore depleted shark and billfish populations (Kerstetter & Graves 2006 , Kaplan et al. 2007 , Gallucci et al. 2006 , Pine et al. 2008 , Watson et al. 2009 ) could diminish the production capacity of tuna species (Kitchell et al. 1999 , Cox et al. 2002 Olson and Watters 2003) and thereby introduce conflicts and trade-off issues between the economic objectives of tuna fisheries and the conservation and economic objectives for billfishes and sharks.
Here, we evaluate whether large-bodied apex predators might be capable of regulating skipjack (Katsuwonus pelamis) and yellowfin (Thunnus albacares) tuna populations. Strong top-down interactions can be identified by population modeling and statistical analysis of retrospective data (Worm & Myers 2003 , Frank et al. 2005 or by bioenergetics principles (Williams et al. 2004 ). However, the information needed to support these approaches is not available for most pelagic fishes inhabiting open-ocean ecosystems. Instead, we adopt an approach used to gauge the importance of anthropogenic-induced mortality on large pelagic species: one that considers the life history stages impacted and the reproductive potential of the fish at those stages (Gallucci et al. 2006 , Maunder & Harley 2005 , Wallace et al. 2008 , 2010 . Estimates of reproductive potential have been used to identify the ages/sizes in the population that are most valuable for future population growth, and therefore should be avoided by fisheries. (Caddy & Seijo 2002 , Maunder & Harley 2005 . We use similar criteria to distinguish between a species' ontogenetic changes in predation risk versus its overall vulnerability to predators, revealing the predators that are most likely to regulate tuna productivity. We presume that predators that consume substantial numbers of the large juvenile or sub-adult tunas that have notable reproductive potential can have a potentially important impact on the intrinsic rates of growth, on biomass and ultimately, on sustainable catch levels of tuna populations. Thus, predators that prey on tunas that have high reproductive value are the species most likely to regulate tuna productivity.
This study provides the most detailed and comprehensive evaluation of intra-guild predation on tropical tunas to date. Unique to this work is the development and use of an apex predator food habits database that includes summarized data on nearly 25 predator groups and primary data on 65 predator groups inhabiting the tropical Pacific Ocean. We compiled all known apex predator food habits data from published papers and reports, and digitized primary data records from sampling ventures that span more than five decades. The spatial extent of the summarized data includes much of the range of the tropical tunas in the Pacific Ocean, while the primary data are restricted to a large portion of the eastern tropical Pacific Ocean. To the primary data we applied statistical models to develop robust estimates of predation frequency and intensity and also to explore important environmental and biological covariates therein. We then compared the size structure of skipjack and yellowfin tunas consumed by top predators to estimate reproductive potential-at-size lost to predation.
Materials and Method

Food habits data
We compiled data on the food habits of large-and medium-bodied fishes commonly considered apex predators, using three methods. First, we compiled primary data from three food habits studies of the Inter-American Tropical Tuna Commission (IATTC) into a common database format. Second, we digitized primary data reported in archived data sheets belonging to the IATTC (see Supporting Information Appendix S1 for details). Third, we compiled published food habits data summarized in either reports or peer-reviewed publications (See Supporting Information Table S1 and Appendix S2).
The resulting data set is a compilation of both primary and summarized data that lend themselves to different types of analyses. The primary data contained detailed information on individual samples and were used for formal statistical analyses. The summarized data provided accounts of the feeding habits of various predators, which we used to generate broad comparisons across predator taxon/taxa and to assess the generality of the findings across regions of the tropical Pacific Ocean.
The primary data encompassed an area south of the Hawaiian Islands and a large portion of the eastern Pacific Ocean (Fig. 1) . These data were clustered among two historical periods (1955) (1956) (1957) (1958) (1959) (1960) (1969) (1970) (1971) (1972) and two contemporary periods (1992) (1993) (1994) (2003) (2004) (2005) . Primary data from the contemporary period were collected by observers aboard purse-seine fishing vessels, and consisted of approximately 65 predators, whereas data from the historical period contained information on the feeding habits of only yellowfin tuna. The primary contemporary data provided information on individual predators, including prey composition, date/time of capture, capture method/gear, the precise spatial coordinates and sea surface temperature (SST) at the capture locations, and predator and prey sizes. The historical data were yellowfin tuna sampled at canneries, and therefore did not contain the same degree of detail regarding sampling dates, locations, and SSTs (details below). In total, the summarized data included nearly 24 predator taxon/taxa from 37 published reports or journal articles. At a minimum, these data sources contained information on the range of predator body sizes sampled and the proportional contribution of prey species to predator diets. The spatial extent of the summarized data spanned much of the geographical range of skipjack and yellowfin tunas in the Pacific Ocean and the temporal coverage ranged from the mid-20 th century to the present. We note that sharks and billfishes sampled for diet composition were not only (nor mostly) large adults, but also included small individuals. For example, 18% of the shark specimens were smaller than 90 cm total length, and 62% were smaller than 150 cm (range 39-315 cm). This is consistent with the shark bycatch composition for the same years (Román-Verdesoto et al. 2005 ).
Contribution of tunas to predator diets
We fit generalized linear mixed models (GLMMs) to the primary food habits data to identify the predators that consume tunas more frequently and in relatively higher quantities, while accounting for confounding physical and biological factors and potential sampling biases. Pseudo-replication is a concern when the stomachs of several predators are collected at the same sampling event (e.g. from the same purse-seine set). Because these stomach samples are not independent, we modeled the relationship between individual samples and sampling events as random effects (sampling event as grouping variable, Gelman & Hill 2007).
Our analysis of primary data also needed to account for sampling biases associated with changes in the methods of catching tunas and other predators over time (via fishing vessels). The widespread use of human-made floating-object 1 , i.e. fish aggregating devices (FADs), in tuna purse-seine fisheries began after the 1969-1972 sampling period. Most purse-seine sets on FADs are made in the early morning when the stomachs of most predators tend to be empty, and predators with empty stomachs were excluded from the analysis to account for this sampling bias. Recently consumed tunas were also excluded from the analysis to omit predation that likely occurred while the animals were encircled in the purse seines. Lastly, for cases in which primary data contained prey items that could be only identified to genus Thunnus sp., we assumed that these prey were yellowfin tuna. This assumption was based on the observation that yellowfin tuna was the most common species of Thunnus preyed upon, based on archived predator food habits records for prey that were possible to identify (~95% of Thunnus species consumed by predators were yellowfin tuna). Because of the high number of zeros in the data (i.e. many stomachs that contained no tunas), standard statistical probability distributions could not be used.
Instead we used a mixture model (also known as delta-normal or two-stage hurdle model; e.g. Maunder and Punt, 2004 , Jensen et al. 2005 , Reum et al. 2011 wherein two separate models were fit separately describing the frequency of occurrence and the mean mass (%) conditional on a tuna being present. The two stages were then combined by taking the product of the predicted values to generate an overall predicted diet proportion. 1 Purse-seine sets are made in three different ways in the eastern tropical Pacific Ocean: in "dolphin sets" the net is deployed around the tuna-dolphin aggregation after a chase by speedboats; in "floating-object" sets, the net is deployed around or next to flotsam or fish-aggregating devices that attract tunas; in "unassociated sets", nets are set around free-swimming schools In the first stage, we modeled the presence /absence data for skipjack and yellowfin tunas using a binomial probability density function and logit link function:
where y is the probability that a tuna was present in an individual predator's stomach, x it is a vector of fixed effects, β is a vector of coefficients, α i is a random effect (i.e. fishing event ID), and ε it is the error term. The random effect is assumed to be distributed as
Second, for those stomach samples in which tunas were found, we estimated the proportional mass contribution of skipjack and yellowfin tunas to the total food mass in the stomach of each individual predator. Hence we refer to the response variable as the conditional percent mass contribution (u). For this second-stage analysis, we normalized the proportion estimates using the arcsine-square root transformation (Zar 1999) and modeled the response variable as a Gaussian (normal) probability density function with the identity link function:
This model is equivalent to a multiple regression model with a random effects term. In addition, we weighted the likelihood of each data point so that diet proportions of 229 actively feeding fish were given more weight than diet proportions of fish with few prey 230 in their stomachs. The weighting term is the ratio of predator stomach mass to fish mass. To account for the confounding effects of spatial and temporal factors on predators' feeding habits, we formulated a suite of candidate models that included all combinations of one, two, or three sets of fixed effects (Table 1) . The sets of potential model covariates were the following: time period (data sets 1955-1960, 1969-1972, 1992-1994, 2003-2005) , season/quarter (winter, December-February; spring, March-May; summer, June-August; autumn, September-November), set type/gear 1 (purse-seine floating-object sets, dolphin sets, and unassociated sets; and pole-and-line gear), and space (latitude, longitude, Area (1-4)); and predator (see Table 2 for levels). Latitude and longitude were continuous variables, and prior to analysis they were standardized to have means of zero and variances of 1 to simplify interpretation of the coefficients. The remaining fixed effects were categorical.
Our modeling of primary food habits data took into account inconsistencies in the historical food habits records. During the 1969-1972 sampling period, predators were sampled from wells (i.e. partitions in the hold of the vessel into which the catch is delivered) that contained multiple sets (typically 3-5 sets), each with known dates and locations and each in proximity to one another (i.e. within < 1 degree by latitude and longitude). Given that the exact set that yielded a sample could not be determined, we averaged the estimates of latitude and longitude at the possible locations from which an individual was captured to generate a single value of these physical parameters for each predator. To further account for the confounding effects of space we included spatial area contemporary sampling period, but not during the historical period, and we were unable to reconstruct SST at many of the 1950s sampling locations. The data for predator taxon/taxa that consumed tunas, but had low sample sizes (<20) were combined into higher taxonomic groupings. One consequence of this modification is that the number of predators considered in the GLMMs (and hence number of estimated parameters) differed between the skipjack and yellowfin models (Tables 1 and 2). Predator taxon/taxa were excluded from the analysis if relevant prey species (i.e. skipjack or yellowfin) were absent in all stomach samples.
We tested the candidate models separately for the two stages of the mixture model (Equations 1 and 2). In general, the set of candidate models were the same between the binomial component (Equation 1) and the Gaussian component (Equation 2).
There were a few exceptions due to limited data for the Gaussian part of the model. The data set "1955-1960" (see Supporting Information Appendix S1) and the gear type "pole and line" were not included as variables in the models for skipjack tuna due to low sample numbers. The GLMMs were fitted using the glmer function in the lme4 package in R (R Development Core Team 2010) and model selection was based on Akaike Information Criterion (AIC; Akaike 1973 , Burnham & Anderson 2002 . For each modeling framework, we deemed candidate models with ΔAIC value less than 3 (i.e. within 3 units of the lowest AIC model) to have substantial support based on the data.
Finally, we generated standardized diet fractions for each predator. These estimates describe the proportional contribution by mass that skipjack and yellowfin tuna comprise for each predator taxon/taxa, standardizing for location, set type and other potential covariates. First, we predicted the occurrence (ŷ) and conditional proportion by mass (û) of tunas in predator diets based on the best-fitting models. We then multiplied the predicted values from the two stages to determine the expected proportion by mass of skipjack and yellowfin tunas in predator diets (Ĉ):
Broad comparisons of predator diets
We made broad comparisons of predation on skipjack and yellowfin tunas across predator taxon/taxa for the entire tropical Pacific Ocean to evaluate the generality of the results gleaned from the analysis of primary data from the eastern tropical Pacific Ocean.
Using the summarized published diet data, we calculated the mean frequency of occurrence and proportional contribution by mass of tunas to the diets of sharks, billfishes, yellowfin tuna, skipjack tuna, and other tuna species (Table 2, see also   Supporting Information Table S1 and Appendix S1). Other tunas included albacore (Thunnus alalunga), bigeye (Thunnus obesus) and Pacific bluefin (Thunnus orientalis)
tunas. All predator taxon/taxa included in this analysis are listed in Table 2 . We also made regional comparisons of predation, by mean frequency of occurrence, on skipjack and yellowfin tunas: summarized food habits data were not available for sharks and skipjack in all three regions of the tropical Pacific Ocean (i.e. eastern, central and western, Table 2 ).
Prey sizes and reproductive potential
We identified the sizes at which skipjack and yellowfin tunas were vulnerable to predation by apex predators in the eastern tropical Pacific Ocean from the primary 302 303 304 305 306 food habits data. Estimates of individual prey body sizes consumed by individual predators were recorded during the contemporary sampling periods only (1992-1994 and 2003-2005) . Fork lengths were measured for 45 skipjack tuna and 66 yellowfin tuna. We calculated the means and 95% confidence intervals of the sizes of skipjack and yellowfin tunas consumed by sharks, billfishes, and large-bodied tunas.
We estimated the relative reproductive potential of the skipjack and yellowfin tunas that are at the age / size most commonly consumed by apex predators. 307
Reproductive potential is defined as the expected number of eggs that an individual of a 308 particular age would produce over its remaining lifetime, given that it has already 309 survived to that age (Gotelli 2001) . This value is a function of the fecundity and survivorship of a fish at the different stages of its remaining life, and we present estimates where, b(y) is the fecundity of an individual at age x or older, and l(y) is annual survivorship for an individual at x older, and l(x) is annual survivorship for an individual at age x. Essentially, we generated estimates of reproductive potential under unexploited conditions by taking virgin recruitment and using the natural mortality rate to calculate numbers at age. The numbers at age were then multiplied by fecundity at age and summed to get total reproductive potential of an unexploited stock. Here, b(y) was Table S2 ).
Estimates of l(x) were calculated from estimated age-specific natural mortality rates for combined male and female skipjack (Maunder and Harley 2005) and yellowfin tunas (Maunder and Aires-da-Silva 2009 ; see Supporting Information Table S2 ). These estimates are taken from the official stock assessments for these species and are supported by tagging data (Hampton 2000) . We recognize that fishing is a large source of mortality on skipjack and yellowfin tunas, and that relative reproductive potential of smaller tunas will be different under exploitation. For instance, if the fishery targets tunas that are larger than those consumed by predators we may expect that the relative reproductive potential of the tunas being predated on will increase compared to those of larger-sized tunas. However, fishing is highly variable in intensity and selectivity and the reproductive potential of individual tunas is sensitive to estimates of mortality at age.
Thus, to generate more stable estimates of tuna reproductive potential we modeled reproductive value under unexploited conditions. The parameter values used in our analysis were obtained from previously published literature and stock assessment reports (Schaefer 1998 , Maunder & Harley 2005 , Maunder 2007 , Maunder & Aires-da-Silva 2009 ). Sex-specific information and estimates of fecundity were not available for Pacific skipjack tuna, so fecundity at age was assumed to be proportional to weight at age. This is a standard assumption in fisheries stock assessment and is used in a majority of assessments. We converted the estimates of reproductive potential at each age class to estimates at length using published length at age relationships for skipjack (Bayliff 1988) and yellowfin (Wild 1986 ) tunas. 
Results
Tunas in predator diets
The frequency of occurrence of skipjack and yellowfin tunas in predator stomach samples were best predicted by models that included only predator taxon/taxa and set/gear type (Model 6; Table 1 ). For skipjack tuna, the model with predator taxon/taxa, location of capture, and fishing set/gear type as predictors also fit the data well (Model 11; Table 1) Table S3 for detailed listing of model coefficients). Dataset was not included in the best-fitting models for skipjack and yellowfin tunas, which suggests that the occurrence of these tunas in predator diets did not change over time or that a change could not be detected based on the available data.
We identified the predators that had the highest probability of consuming skipjack and yellowfin tuna based on model coefficients from these best-fitting models. We found that skipjack tuna were most frequent in the diets of blacktip sharks (Carcharhinus limbatus), silky sharks (Carcharhinus falciformis), Indo-Pacific sailfish (Istiophorus platypterus), and marlins (Makaira spp.) and were least frequent in the diets of spotted dolphins (Stenella attenuata), yellowfin tuna, and dolphinfish (Coryphaena hippurus). Of the large pelagic fishes and tunas, requiem sharks (Carcharhinus spp.), hammerhead sharks (Spyrna spp.), and marlin (Makaira spp.) were most likely to consume yellowfin tuna while large-bodied conspecifics were the least likely to consume them (see Supporting Information Table S3 ). Several species were never found to have consumed The conditional percent mass contribution of skipjack and yellowfin tunas were best predicted by capture method alone. Generally, skipjack and yellowfin tunas comprised the greatest proportion of predator diets in unassociated and floating-object sets, compared to other fishing methods (see Supporting Information Table S3 ).
Standardized diet fractions (proportion of predator diet, by mass, consisting of skipjack and yellowfin tuna) were highest for sharks and marlins (Fig. 2) . The expected proportion by mass of blacktip sharks diets composed on skipjack tuna was approximately 47%. For yellowfin tuna, the expected proportions by mass reached nearly 40% and 18% of shark and marlin diets, respectively (Fig. 2) . Moreover, the standardized diet fractions indicate that skipjack and yellowfin tuna were a more important prey for predators captured in floating-object sets compared to the other fishing methods (estimates based on the center of the sampling distribution; Fig. 2 ). Standardized diet fractions by predator and set/gear type were estimated only when at least three predators of the same species were captured in a given set/gear type. The compilation of summarized diet data from locations throughout the tropical Pacific Ocean confirmed the importance of skipjack and yellowfin tunas in the diets of large-bodied predators found in the eastern Pacific Ocean (Fig. 3) , and also revealed potential regional differences in predation on these tuna species (Fig. 4) . Overall, the frequency of occurrence of skipjack tuna in predator diets was greatest for billfishes.
Skipjack tuna also comprised a considerable portion of sharks' diets and the diets of large-bodied yellowfin tuna and conspecifics (Fig. 3) . This finding differs from our analysis of the primary data for the eastern Pacific alone, which suggested that sharks consumed skipjack tuna more often than do billfishes and that there was little to no predation on skipjack by conspecifics or other tuna species. This discrepancy could be attributed to regional differences in predation. Our analysis of the summarized data revealed a higher occurrence of skipjack tuna in the diets of large-bodied yellowfin tuna and conspecifics in the western and central regions of the Pacific Ocean compared to the eastern region (Fig. 4 ). This regional gradient of predation was also observed for sharks and was particularly notable for billfishes (Fig. 4) . The occurrence of skipjack in billfish diets was as much as 40% and 30% in the western and central Pacific Ocean, respectively, whereas the highest estimate of occurrence in the eastern region was approximately 3% (Makaira nigricans).
Over all regions of the tropical Pacific Ocean, the frequency of occurrence of yellowfin tuna in predator diets was greatest for sharks and billfishes and least for largebodied conspecifics and other tuna species (Fig. 3) . This finding is consistent with our analysis of primary data from the eastern tropical Pacific Ocean. The summarized diet data did not reveal a regional gradient of predation on yellowfin tuna by large-bodied predators, however there are regional differences. Similar to our findings for skipjack tuna, the occurrence of predation on yellowfin tuna by billfishes was greatest in the western tropical Pacific Ocean compared to the central and eastern regions (Fig. 4) .
Prey sizes and reproductive potential
Large-bodied predators consumed a wide size range of tunas, ranging from early life stages to sub-adults. Predators consumed skipjack tuna with body sizes up to 80 cm in length (Fig. 5) . The mean lengths of skipjack tuna consumed by billfish, sharks, and tunas were 26 cm, 27 cm, and 19 cm, respectively. The maximum size of yellowfin tuna consumed by predatory fishes was approximately 100 cm in length and the mean body sizes of yellowfin tuna consumed by billfish, sharks, and tunas were 45 cm, 37 cm, and 22 cm, respectively (Fig. 5 ).
Because large predatory fishes preyed upon a wide size range for both skipjack and yellowfin tunas, the reproductive potential of individuals that were consumed also ranged widely ( Fig 5) . For both species we found predation on size classes that had notable reproductive potential (Fig. 5 ). Reproductive potential in skipjack tuna is maximized at approximately age 1.5 years (body length = 60 cm), while for yellowfin tuna it is greatest at age 3 (body length =125 cm). Approximately 13% of all the skipjack tuna found in predator stomachs had reproductive potential that exceeded 20% of the maximum. Similarly, 15% of all yellowfin tuna found as prey had reproductive potential that exceeded 20% of the maximum. For some predator taxon/taxa, this was greater:
sharks and billfishes consumed skipjack and yellowfin tunas with estimated ages that had reproductive potentials as great as 60% of the maximum (Fig. 5 ). Evidence of a single >70 cm skipjack tuna and four >100 cm yellowfin tuna in the stomachs of sharks (Fig. 5) suggests that top predators are also capable of consuming larger tunas that have even higher reproductive value. We note that the overall trend of relative reproductive potential was the same when we used estimates of fecundity for Indian Ocean skipjack tuna (from Stéquert & Ramcharrun 1995) in our calculations.
Discussion
Tropical tunas, particularly yellowfin tuna, are often considered apex predators in pelagic food webs in the Pacific Ocean. However, our findings suggest that tropical tunas at large body sizes are consistently preyed upon by a guild of large-bodied predators, and therefore are better considered mesopredators. Both a detailed analysis of primary data collected in a single, large region and a synthesis of previously published diet studies throughout the tropical Pacific Ocean support the hypothesis that these tropical tunas comprise a substantial component of the diet of sharks and billfishes. Although much of this predation was directed at very small-sized tunas-a pattern of ontogenetic predation risk not uncommon among marine fishes-we find that predation also extends to later life history stages, including those that have significant reproductive value. Thus, predation by sharks and billfishes has the potential to play an important role in regulating skipjack and yellowfin tuna populations. The question of top-down control on tropic tunas remains to be answered, but our work provides future research efforts with essential knowledge about potentially important predators on tunas and size vulnerability of predation.
The possibility that sharks and billfishes could regulate tropical tunas raises two questions. The first is whether current levels of skipjack and yellowfin tuna productivity (Ward & Myers 2005) . For example, if tropical tunas are indeed regulated in part by these predators, the high levels of skipjack tuna productivity observed over the past decade (e.g. Sibert et al. 2006 ) could represent a shifting baseline (Pauly 1995 , Pinnegar & Engelhard 2008 . A second, related question is whether the potential recovery of sharks and billfishes might lead to secondary effects on skipjack and yellowfin tunas.
Fishing can modify the structure and functioning of marine systems (see Baum & Worm 2009 ), and increasing efforts are being made to foster a rebuilding of shark (Gallucci et al. 2006 , Watson et al. 2009 ) and billfish (Kitchell et al. 2004 , Kerstetter & Graves 2006 , Kaplan et al. 2007 , Pine et al. 2008 populations. Recovery of depleted species can have surprising consequences when there are high interaction strengths between exploited species. For instance, the recovery of Barents Sea cod coupled with fishing on their prey, capelin, contributed to a collapse in the capelin population (Hjermann et al. 2004) , which subsequently recovered. Unlike capelin, tunas are not considered "forage" species; however the interaction strengths among tunas and their predators need not be symmetric for strong top-down interactions. For example, sharks and billfishes might still play a role in regulating these tunas even though they may not relay on tunas as an essential diet item. If these fishes do exert consumer control on skipjack and yellowfin tunas, a recovery of these large predators could potentially alter the productivity of highly-valued tuna species.
The concept of mesopredator release has received much attention in recent years (e.g. Elmhagen and Rushton 2007 , Prugh et al. 2009 , Baum & Worm 2009 , Ritchie & Johnson 2009 , Brashares et al. 2010 . While most studies of this ecological phenomenon are based in terrestrial and coastal marine ecosystems, there is accumulating evidence of this process in oceanic ecosystems. For instance, both short (Polovina et al. 2009 ) and long-term (Ward & Myers 2005) changes in longline catch rates of mid-and high-trophic level pelagic fishes support the possibility of mesopredator release. Also, Worm and Tittensor (2011) suggest that increases in the number and range of skipjack tuna in the eastern tropical Pacific could be attributed to depletion of large-bodied tunas, sharks, and marlins. By identifying predator species that are most capable of exerting top-down control and the vulnerability of tunas by size to predation, our analyses provide a strong foundation to better explore the extent by which large-bodied apex predators, particularly sharks and marlins, might impact tuna populations.
Identifying whether shark and billfish species do indeed regulate tuna through predation processes is a challenging task. A strong top-down interaction is likely if a predator represents an important source of total mortality on tunas and if the predation mortality strongly depends on predator abundance (Essington and Hansson 2004 ). An evaluation of whether these two criteria are met requires knowledge of predator feeding rates on tuna life stages as well as predator and prey relative abundances. This information is not available for many oceanic predators due to the sampling and data challenges associated with open ocean ecosystems (Baum and Worm 2009 ).
Consequently, attempts to identify consumer control within these systems have been limited. A food web model of the north Pacific subtropical gyre has been used to evaluate the trophic impacts of predator removals on food web components in this region (Kitchell et al. 1999 Cox et al. 2002) . Some model scenarios did not reveal evidence of mesopredator release in response to fisheries removals of apex predators (Kitchell et al. , while others suggested that increased biomass of small tropical tunas, particularly yellowfin tuna, resulted from reduced predation by sharks and billfishes (Cox et al. 2002) . Large food web models are often fit to fishery-dependent data, and therefore are limited by the large uncertainties associated with the vagaries introduced by non-constant catchability and spatial dynamics of fishing fleets (Walters 2003; Maunder et al. 2006 ).
The question of top down control of tropical tunas remains to be answered. Future work is needed to evaluate how skipjack and yellowfin may respond to changes in predator abundances and whether trophic interactions need to be accounted for more explicitly in the assessments of these tuna species. Our study provides a detailed analysis of predator-prey interactions and knowledge about potentially important predators on tunas and vulnerability by size to predation. We envision a potential next step as one that incorporates our findings in an age-structured population-modeling framework to assess the impacts that sharks and billfishes have on stock productivity under various levels of predation mortality. Also, tropical tunas, especially yellowfin tuna, interact with these apex predators through competition for shared prey resources, therefore mechanisms of competition need to be addressed when modeling the population dynamics of tunas under increased predation. An important consideration in future analyses will be the calculation of the range in common biological reference points that can be attributed to changes in predator stocks. This information can then be used to further evaluate whether diminished levels of large pelagic fishes have enhanced the production of tuna stocks.
Alternatively, reductions in apex predators could lead to increased competition and (or) increased predation on tunas from other species. The role of cannibalism in the population dynamics and persistence of tropical tunas, particularly skipjack tuna, also warrants further attention. Cannibalism is widespread in marine fish populations, and can represent a major source of mortality on juvenile fishes (Smith & Reay 1991) . Cannibalism can serve as a density-dependent mechanism for population regulation (Anderson & Gregory 2000 , Wespestad et al. 2000 , Neuenfeldt & Koster 2000 , while also providing a source of nutrition to adult fishes when alternative food sources are lacking. Through our analysis of summarized food habits data we found a notable occurrence of conspecifics in the diet of skipjack tuna.
Our estimates of skipjack cannibalism are not as high as those for some marine fishes (e.g. gadoids, see Juanes 2003) . However, skipjack tuna have high consumption and production rates and high biomass; they are the most abundant of the assessed predator stocks in the tropical Pacific Ocean. Thus, adult conspecifics could have a substantial impact on the recruitment of juvenile fishes and act as an important structuring force on the population, even if the juveniles comprised only a small component of the adult diet.
Yellowfin tuna appeared to be minor predators on themselves. A low occurrence of yellowfin tuna cannibalism is not surprising because the adults are known to feed mainly near the thermocline, while the larval and juvenile stages occupy surface waters (see Longhurst 2010) . The frequency and quantity of yellowfin tuna predation on skipjack tuna was considerable, although yellowfin tuna consumed only small-sized skipjack and conspecifics that have less reproductive potential because of cumulative mortality prior to spawning. If large-bodied tunas do have a predation effect on skipjack and yellowfin tunas it is likely to act primarily on pre-recruits and to be manifested through recruitment An interesting outcome of our work is the evidence of a possible gradient of predation on skipjack tuna by large predators between the eastern and western tropical Pacific Ocean. This finding is supported by previous evidence that suggests that skipjack tuna is a major prey item of conspecifics and top predators in western and central regions of the tropical Pacific Ocean (Allain et al. 2007 ) and is less important as prey in the eastern region (Olson & Watters 2003) . This trend could arise due to regional differences in productivity and prey availability. For example, the eastern tropical Pacific Ocean has large upwelling regions (Fiedler and Tallet 2006) and thereby is highly productive and supports a large biomass and size spectrum of forage items, including epipelagic fishes and small scombrids (e.g. frigate and bullet tunas) that are consumed by top predators. In comparison, the central and western regions are less productive, and thus we may expect that the availability and biomass of mid-trophic level prey species is much lower in these areas. If this is true, then sharks, marlins, and large-bodied tunas are likely to depend more heavily on the large biomass of skipjack tuna for sustenance in the central and western tropical Pacific Ocean than in the eastern region, where there are many alternative prey items. The gradient of predation could also be attributed to the spatial distribution of skipjack tuna. For example, according to the catch of purse seine and poleand-line fisheries, larger-sized skipjack tuna are more abundant in the central Pacific Ocean compared to the western Pacific Ocean (Hoyle et al. 2010 ). If the mean sizes of skipjack tuna do indeed increase eastward across the Pacific Ocean, then predation on these tunas may be more limited by body size constraints in the eastern region compared to the central and western regions. Our analysis revealed that predation on tunas by large pelagic fishes sampled from purse-seine floating-object sets (primarily FADs) was greater than for those captured via other methods. Specifically, capture method was an important predictor of both the frequency of occurrence and conditional percent mass contribution for both skipjack and yellowfin tunas. In all cases, the occurrence of predation was found to be strongest from samples collected in floating-object sets, suggesting that floating objects may potentially modify the pelagic habitat by aggregating small-sized skipjack, yellowfin, and bigeye tunas and thereby enhancing their vulnerability to predators. It is plausible that capture method might also explain some of the discrepancies in predation intensity estimated from primary and summarized data. For example, the summarized data for sharks and marlins are mostly based on predators captured in local, artisanal fisheries and not by commercial fishing methods. However, differences in predator species composition and capture locations that comprise the primary and summarized data could contribute to the discrepancies as well. Previous authors (e.g. Dempster & Taquet 2004) have voiced concern over the ecological consequences of deploying large numbers of FADs to target highly-valued tunas. Our analysis supports a hypothesis that the use of floating-object sets in pelagic fisheries could be altering trophic interactions and feeding patterns in a way that increases predation pressure on small-bodied tunas. 
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Figure Captions
unassociated sets (black), dolphin sets (white), and floating-object sets (light gray). We do not include predictions for pole-and-line because this fishing method was only used to capture yellowfin tuna during the historical period. 
